Biotin is a B vitamin involved in multiple metabolic pathways. In humans, biotin deficiency is relatively rare but can cause dermatitis, alopecia and perosis. Low biotin levels occur in type II diabetes, and biotin supplementation with chromium may improve blood sugar control. The acute effect on pancreatic gene expression of biotin repletion following chronic deficiency is unclear, therefore we induced biotin deficiency in adult male rats via a 20% raw egg white diet for 6 weeks. Animals were then randomized: one group received a single biotin supplement and returned to normal chow lacking egg white, while the second group remained on the depletion diet. After one week, pancreata were removed from biotin-deficient (BD) and biotin-repleted 
INTRODUCTION
The role of biotin as the prosthetic group of the four biotin-dependent carboxylases in higher organisms is well recognized. In view of the roles of these carboxylases in metabolism, the requirement of biotin for cell viability, growth and differentiation was established. However, biotin also appears to have a role in cell function other than as the prosthetic group of biotin enzymes. It influences processes such as proliferation of the mesenchyme and spermatogenesis (Dakshinamurti 2005 (Dakshinamurti , 2006 . A direct effect of biotin at the transcriptional level has been shown for key enzymes of glucose metabolism such as glucokinase, a key glycolytic enzyme (Chauhan and Dakshinamurti 1991; Romero-Navarro et al. 1999 ) and phosphoenolpyruvate carboxykinase, a key gluconeogenic enzyme (Dakshinamurti and Li 1994) . The effects of biotin depletion and repletion in three distantly-related eukaryotes, i.e. yeast (Saccharomyces cerevisiae), nematode (Caenorhabditis elegans) and rat (Rattus norvegicus), point to a strongly selected role of biotin in the control of carbon metabolism (Ortega-Cuellar et al. 2010 ).
In studies using pancreatic islets, the effect of in vivo biotin supplementation in the diet on rodent pancreatic islets was studied (Lazo de la Vega-Monroy et al. 2013) . Biotin supplementation augmented the proportion of beta cells by enlarging islet size and increasing the mRNA expression of adhesion proteins participating in the maintenance of islet architecture.
Thus, in vivo biotin supplementation augmented beta cell proportion as well as its function.
Conversely, it has been reported that the circulating biotin level is lower in type 2 diabetic patients compared to normoglycemic individuals (Maebashi et al. 1993) . Supplementation of biotin plus chromium has also been shown to improve glucose metabolism and glycemic control in clinical trials involving type 2 diabetic patients (Albarracin et al. 2008; Singer and Geohas 2006) , and furthermore improves atherogenic risk factors and serum lipids in both diabetic and D r a f t non-diabetic individuals (Albarracin et al. 2007; Geohas et al. 2007; Revilla-Monsalve et al. 2006) . Biotin thus appears to be a critical determinant of normal pancreatic function.
Using a well-established rat model, we demonstrate here that biotin repletion following chronic depletion results in myriad changes in pancreatic gene expression. These changes include induction of anti-inflammatory pathways, increases in endocrine and exocrine function, and reduced fibrosis marker expression. These results suggest that restoration of biotin to deficient individuals may improve pancreatic gene expression, even after a long period of deficiency, and that these reparative processes are induced relatively quickly. Similarly, treatment of AR42J pancreatic cells with biotin induced changes in gene expression congruent with the in vivo repletion studies within 24 to 48 hours.
D r a f t

MATERIALS AND METHODS
Animal model of biotin depletion and repletion
Adult male Sprague-Dawley rats (~250 g; ten animals total) were fed a biotin-deficiency diet consisting of normal rodent chow supplemented with 20% egg white (ICN Biochemicals) using a well-established model (Dakshinamurti and Cheah-Tan 1968; Dakshinamurti and Mistry 1963) .
Animals were fed this diet for six weeks, then half (5 rats) were switched to a normal diet and injected with 10 mg/kg biotin I.P. (Biotin Repletion, BR) or were maintained on the biotindeficiency diet and injected with saline vehicle (Biotin Depletion, BD). One week following injection, animals were humanely sacrificed using CO 2 asphyxiation euthanasia. Pancreata were collected then rinsed in sterile cold saline and frozen in liquid nitrogen until use. All animal studies were approved by the University of Manitoba Animal Care Committee in accordance with the guidelines of the Canadian Council on Animal Care.
Tissue isolation and RNA extraction
Pancreata were mechanically homogenized under Trizol using a Polytron, then total RNA isolated according to manufacturer's directions (Invitrogen), with the modification that a ratio of 4:1 Trizol:tissue was used. For long term storage, total RNA was stored in formamide. RNA concentration and purity was determined by absorbance at 260 and 280 nm.
Microarray analysis
Total pancreatic RNA samples from five animals in each group (BD or BR) were pooled to ensure equal contribution from each animal to the group RNA sample. Samples were prepared according to the Affymetrix GeneChip Expression 3'-Amplification Labeling kit directions, with D r a f t a modification that 5 µg total RNA was used as a starting point. Samples were hybridized to Affymetrix GeneChip Rat Genome 2.0 microarrays and analyzed using GCOS software, with post-analysis performed using BioConductor and AffylmGUI. For comparisons between samples, a cutoff of a 2-fold change in gene expression (with P<0.05) was selected, and any genes called by GCOS as "absent" in both samples were ignored. We analyzed genes that exhibited expression changes of at least 2-fold, and that were statistically-significant and called as expressed in at least one sample, with the DAVID (Database for Annotation, Visualization and Integrated Discovery) Bioinformatics Resources 6.7. The results of this analysis identified enriched cell function pathways using ontological term identifiers (Huang da et al. 2009a (Huang da et al. , 2009b . For DAVID analysis, default settings for Functional Annotation Clustering were used with medium classification stringency.
Cell culture and treatment
Rat pancreatic acinar AR42J cells (CRL 1492) were purchased from ATCC. Cells were maintained in F-12K medium (ATCC) supplemented with 20% FBS and 1% penicillin/streptomycin, at 37 o C under humidified conditions of 5% CO 2 . Alternatively, cells were maintained in biotin-free DME medium (Sigma-Aldrich) supplemented with 0.5% FBS and 1% penicillin/streptomycin under identical conditions of humidity, temperature and CO 2 concentration. Biotin (Sigma-Aldrich) was dissolved in sterile deionized water to yield a 5 mM stock solution. Biotin dilution for cell treatments was made using no-serum starvation media (either F-12K or DME as required). AR42J cells were treated with 50 pM biotin or vehicle for 24 or 48 hours.
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RNA isolation and qPCR analysis
Total RNA was isolated from AR42J cells post-treatment using a commercially available purification kit as per manufacturer's instructions (Thermo Scientific). RNA concentrations were determined and purity confirmed using 260/280 nm absorbance ratio. RNA samples were assayed using an iQ5 multicolor real-time PCR thermocycler (Bio-Rad) using the qScript One-
Step SYBR Green qRT-PCR kit for iQ (Quanta Biosciences). Gene-specific primers were synthesized commercially (Integrated DNA Technologies); primer sequences and qPCR cycle settings are listed in Supplementary Table S1 . mRNA abundance was calculated using the 2 -∆∆Ct method and normalized to GAPDH.
Statistical analysis
For qPCR studies, results represent mean±standard error of the mean for at least 3 independent experiments. Data was analyzed by two-tailed Student's t test, with P<0.05 considered statistically significant. The Affymetrix identifiers of all 972 differentially-expressed genes were uploaded to the DAVID Bioinformatics resource for ontological analysis. These genes were mapped to 754 equivalent DAVID identifiers and used for further analysis. DAVID employs a modified Fisher Exact P-Value (the EASE score) to assess whether transcripts in the list of up/down-regulated transcripts belong to specific gene ontology categories that are represented in the list more frequently than would be expected by random chance. The resulting Enrichment Score provides a relative indication of how enriched these gene ontology categories are in the transcript list.
Ontology terms sharing an enrichment score are also related by the member genes populating those terms. Using this approach, the most enriched annotation cluster corresponded to extracellular matrix ontology terms (Table 1) 
D r a f t
We further analyzed gene expression patterns using DAVID to identify Functional Annotation Clustering by KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways.
Using this approach, the most significantly altered pathway by EASE score was PPAR signaling (Table 2 ). Other notable pathways exhibiting alteration between BR and BD animals included ECM (extracellular matrix)-receptor interaction, maturity onset diabetes of the young, and insulin signaling. These findings were consistent with the GO term changes previously noted, including indicators of altered extracellular matrix expression and pancreatic function.
Examination of gene expression changes following biotin repletion revealed a variety of noteworthy features. Numerous markers of inflammation were significantly elevated in BD samples compared to BR (Table 3) . Similarly, various collagens were expressed at significantly higher levels in the depleted BD samples, in agreement with the gene ontology analysis results indicative of enrichment of extracellular matrix genes and fibrosis, while angiotensinogen and BNIP3 were further suggestive of pancreatic injury (Table 4) .
Biotin repletion appears to result in induction of pancreatic repair processes, as noted by Annotation Cluster 4 highlighting pancreatic development (Table 1) . Congruent with this finding, we noted induction of several mediators of pancreas repair including PapI/Reg3b, PapII/Reg3a and osteopontin (Table 5 ). These regulators have been previously noted to be induced during acute pancreatitis (Dusetti et al. 2000) .
Given the expression alterations highlighted by Annotation Cluster 6, suggestive of alterations in pancreatic secretory function, transcripts involved in endocrine and exocrine function were examined. Expression of transcripts encoding glucagon and α-amylase 1A were higher in BR samples, while insulin exhibited a modest although significant decrease (Table 6 ).
Transcriptional regulators of pancreatic secretory functions, including HNF6, FoxA2, Mist1 and pancreas-specific transcription factor 1a were also higher following biotin repletion.
We confirmed a subset of microarray-identified gene expression changes using quantitative PCR analysis of biotin-depleted and biotin-repleted samples. The injury/fibrosis-related transcript Bnip3 was approximately 60% lower in biotin repleted samples compared to biotin depleted samples (Figure 2A ). Col5a1 showed a similar trend although the results were not statistically significant (P=0.0564). Similarly, the repair transcripts PapI and PapII were dramatically higher in repleted samples, approximately 200-fold higher than in the biotin depleted samples ( Figure 2B ).
To begin to examine whether gene expression changes may be directly regulated by biotin, we treated AR42J pancreatic cells with 50 pM biotin for 24 or 48 hours. In preliminary dosedependency studies ranging from picomolar to micromolar concentrations of biotin (not shown), we observed maximal PapI and PapII gene expression response at this concentration. PapI and PapII were rapidly up-regulated in a time-dependent fashion by biotin treatment ( Figure 3A ).
This induction was observed regardless of whether the cells were grown in the normal growth medium for the cells, F-12K which contains ~300 nM biotin, or in biotin-free DME medium, suggesting that exogenous biotin could alter gene expression independently of the presence of endogenous biotin. The repair transcript osteopontin/Spp1 exhibited a non-significant trend to a decrease at 24 hours in F-12K but an induction in DME, and was significantly induced at 48 hours in either medium. The injury/fibrosis-related transcripts Bnip3, Col1a1 and Col5a1 were significantly down-regulated by biotin treatment at both 24 and 48 hours ( Figure 3B ). The secretory function of these cells may also be altered by biotin treatment: similar to the results in the in vivo study, Glut4 expression was reduced by biotin at both time points and in both media D r a f t ( Figure 3C ). Conversely, HNF6, which was induced in the biotin repleted pancreas, exhibited a biphasic response in F-12K medium, with a significant reduction at 24 hours of biotin treatment but a 3-fold induction at 48 hours. In contrast, HNF6 expression was induced by biotin in DME medium at both 24 and 48 hours.
DISCUSSION
The present data suggests that biotin repletion following depletion resembles the repair processes that occur during pancreatitis. A number of damage markers, including signs of inflammation and fibrosis, were elevated in BD pancreata compared to BR (Tables 1 to 4, Figure   2A ), suggesting that damage had occurred in the depleted organs and was being ameliorated following repletion. These changes suggest that chronic biotin depletion may have more substantive negative effects on pancreatic function than previously assumed.
The induction of genes associated with tissue repair following biotin repletion (Table 5, Figure 2B ) suggests that damage to the pancreas may be transient and/or reversible to some degree. Furthermore, the induction of these genes after biotin supplementation suggests that biotin may, itself, trigger repair processes. This finding is consistent with previous reports that biotin supplementation can improve pancreatic function in diabetes, at least in part by regulating glucokinase expression (McCarty 2007; Zhang et al. 1997 ). The altered expression of genes associated with pancreatic endocrine and exocrine function (Table 6 ) following biotin repletion further suggest that biotin may exert direct effects on pancreatic function.
Of particular note is the very high degree of induction of the pancreatitis-associated proteins PapI/Reg3b and PapII/Reg3b by biotin. The Pap family consists of three related C-type lectins, including PapIII, and all three members have been reported to be secreted after the induction of pancreatitis (Frigerio et al. 1993; Keim and Loffler 1986) . Indeed, PapI has been reported to be induced in multiple tissues in response to insult, including both acute and chronic pancreatitis, hypoxia, toxin exposure and diabetes, as well as following organ transplant, in Crohn's diseases, ulcerative colitis and animal models of inflammatory bowel disease (Baeza et al. 2001; Chen et al. 1996; Dieckgraefe et al. 2000; Lawrance et al. 2001; Masciotra et al. 1995; McKie et al. 1996 ; D r a f t Orelle et al. 1992; van der Pijl et al. 1997 ). Pap expression is induced in the brain tissue of Alzheimer patients and in injured sensory and motor neurons, and is also elevated in adenocarcinoma and hepatocarcinoma (Averill et al. 2002; Livesey et al. 1997; Ozturk et al. 1989; Simon et al. 2003; Xie et al. 2003) . Pap induction thus appears to be a general response to tissue damage or disease. The exact mechanism by which Pap expression is induced in response to disease is unclear.
As noted above, dexamethasone may act directly at the gene promoter, but whether a similar mechanism holds true for other inducers of Pap remains to be seen. Our data suggests that PapI and PapII gene expression rises in response to biotin repletion, but the mechanism responsible remains to be determined. We cannot rule out that Pap expression rises indirectly, after biotin repletion has already induced other repair processes in the pancreas. However, given the critical role of Pap in normal pancreatic function, and the improvements seen in pancreatitis following Pap administration, it seems more likely that Pap induction by biotin may be a directly regulated process. Using the rat pancreatic acinar AR42J cell line, we found that PapI and PapII expression was rapidly and potently up-regulated in response to biotin treatment ( Figure 3A) , supporting the possibility that altered Pap gene expression upon biotin repletion in vivo represents a biotininduced event, and not merely a generalized response to stress. Intriguingly, we also found that biotin induced a reduction in the expression of Bnip3, associated with cell injury, and the fibrotic collagens Col1a1 and Col5a1 ( Figure 3B ). Glut4 and HNF6 expression were also altered following biotin treatment similar to the changes observed following biotin repletion in vivo.
Intriguingly, we observed a better fit of gene expression data in biotin-treated AR42J cells with D r a f t the in vivo repletion data when the cells were maintained in biotin-free DME medium compared to biotin-containing F-12K medium. This is perhaps not surprising since the in vivo studies compared biotin repletion to depletion, thus the addition of biotin to DME may better model the in vivo situation. Together, these results suggest that biotin may exert direct positive and negative effects on a variety of gene targets, consistent with improved cell health and function although the precise mechanism remains unknown. Table 5 . Expression of pancreatic repair transcripts.
Expression fold-change is listed as in Table 3 . Expression in acute pancreatitis is derived from a previously published cDNA profile (Dusetti et al. 2000) . 
